Shenyang in the Liaoning province, NE China since CE 1200 to present, with a reconstructed 28 long precipitation series , augmented with historical documentary accounts. 29
Analysis of the instrumental series using a standardised precipitation index (SPI) and extending 30 it using historical records has produced a combined series spanning over eight centuries. The 31 combined long series was analysed for patterns in drought frequency, severity and typology. 32
Three droughts comparable to those since CE 2000 occur in the instrumental series during early 33 twentieth century (e.g. 1907, 1916-18 and 1920-21) , and coeval archival sources reveal the 34 human impacts of these severe droughts. The archival sources demonstrate how reduced 35 vulnerability resulting from societal and cultural changes in the early twentieth century helped 36 prevent the loss of life experienced during comparable severe droughts at the end of the 37 nineteenth century (1887 and 1891). Incorporating a longer temporal perspective to drought 38 analysis shows that onset is often earlier than is documented explicitly within the archives, and 39 so combined SPI series for a region could provide an early warning of drought development 40 expressed as a water deficit in the previous year. Analysis of archival data provides a rich 41 historical description of impacts and societal responses to severe drought. The archives provide 42 i. To develop and analyse a record of droughts and the documentary evidence for 116 associated impacts (CE 1200 AD -present), using a variety of sources including the 117 compendium of Chinese droughts produced by Zhang (2004 Zhang ( , 2013 ; 118
ii. Identify and analyse contemporary droughts using the instrumented daily precipitation 119 series at Shenyang Meteorological Observatory (Station 54342: 1961 (Station 54342: -2015 , and 120 augment this series with the longer monthly precipitation data for Shenyang (CE 1906 (CE -121 1988 ; 122
iii. Generate a Standardised Precipitation Index (SPI-1, -6 and -12) for the augmented 123 precipitation series spanning the period CE 1906-2015; construct one of the longest 124 drought series (CE 1200 -present) combining the augmented instrumental series (ii) 125 with historical data (i), and then classify the different types of drought and event 126 severity; and, 127 iv.
Analyse the patterns in drought frequency, severity and type for Shenyang, examining 128 the documented impacts and responses to drought to better understand how societal 129 vulnerability has changed through time. 1), with a temperate continental monsoon climate, with temperature ranging from -17ºC 134 (January) to 29ºC (July), decreasing from southwest to northeast (plain to mountain) (Chen et 135 al., 2016) ; whilst average annual precipitation (500-1000 mm a -1 ) increases from west to east 136 (Zhang et al., 2013) . The Shenyang municipality is home to approximately 8M people in 2016. 137
The region has witnessed reductions (at 78% of stations) in annual precipitation over the period 138 1961-2008 (Liang et al., 2011) . The Liaoning province is a primary grain producing region in 139
China; as such droughts and associated impacts on regional agricultural production are of 140 national importance, with previous studies detecting recent warming and reductions in 141 precipitation (Chen et al., 2016) . The 'A compendium of Chinese Meteorological Records of the Last 3,000 Years' produced by 150 Zhang (2004) and updated in 2013, summarises 7835 historical sources from the earliest 151 existent materials in the Chinese language, the 'Oracle Bones Collection' (c.1600 BC) through 152 to more recent sources which describe meteorological incidences in China. The 'Oracle Bones' 153 have a long history of being studied for meteorological information, with early studies 154 undertaken by Wittfogel (1940 (NCAR, 1996) , no records present for 1944-1946. 191 This dataset covers 60 relatively evenly distributed sites in China, with long records. The 192 second precipitation series was retrieved from the National Disaster Reduction Centre of China 193 (NDRCC), which provides daily data for air pressure (V10004), daily average temperature 194 (V12001), daily highest temperature (V12052), daily lowest temperature (V12053), 195 precipitation (V13201), average wind speed (V11002), sunshine hours (V14032), for the period 196 01/01/1961 to 31/05/2016. Analysis of these datasets permits varying temporal analysis of the 197 precipitation, with a long overlap period that can be used to compare the association of these 198 two data sets. The compendium provided by Zhang (2004 Zhang ( , 2013 provides the framework for the early record 211 (pre-1911); however, great care was undertaken in assessing the historical record. continued to belong to Liao Dong Jun, and the northern part belonged to Xuan Tu Jun (Zhao, 219 2006 Data quality assessment and management of both long and shorter series was required to ensure 239 homogenisation and data suitability. Total precipitation includes both liquid and equivalent 240 frozen precipitation. All meteorological variables are recorded as one-tenth of their specific 241 units (mm), but are converted to mm throughout. For both instrumental series, care and 242 attention was taken with the original data series quality, with the data descriptors recorded in 243 missing data. For the shorter instrumental daily precipitation series (source 2), data descriptors 251 are included in Table 3 , including percentage of record impacted. 252 253 Analysis of the two series coeval years of record was undertaken, a Q-Q plot was 254 undertaken to verify that both data sources are normally distributed (Figure 2a ). Figure 2b 
Drought Identification 273
Using the combined instrumental and archival source materials, a record of droughts will be 274 reconstructed for Shenyang, the droughts will be explored and examined from a number of 275 perspectives including: type of drought (classification), intensity/magnitude, frequency and 276 trends; together these characterise the drought structure. 277 (Table 4a ). SPI 294 can be used to characterise drought duration, severity and timing of onset and termination 295 (together known as the drought structure), based on the classifications identified in Table 4a ; drought onset (SPI ≤0.49) and termination (SPI ≥0), drought severity is categorised using the 301 SPI classification system with peak severity the minimum SPI value recorded during the 302 drought. Within this study SPI will be examined at 3 temporal scales SPI-1 (1 month), SPI-6 303 (6 months), and SPI-12 (12 months) ( Figure 5a Documentary data provides additional information beyond that offered by instrumental series, 315 providing valuable information detailing both societal impacts and responses to past events 316 (Pfister, 2010) . At Shenyang, the first recorded drought occurs in 347 AD, but only three events 317 are recorded during the period CE 347-1200, therefore the records analysed within this paper 318 classification is comparable to the SPI drought classification applied in China (Table 4a) . 326 Therefore, five drought classes are used in considering the historical descriptions, allowing 327 alignment between the two data forms, typical types of descriptor for each of the five classes 328 are presented in Table 5 . 329 330 Analysing the historical records unearthed different forms of drought which broadly reflect the 331 five drought classes identified by Mishra and Singh (2010); meteorological, hydrological and 332 agricultural are comparable, the difference being few accounts detail groundwater droughts 333 (incorporated into hydrology within this study), with the socio-economic class being split into 334 economic (impacts of clear cost) and social impact (impacts on people e.g. health). In splitting 335 the socio-economic class into economic and social impact the wealth of materials present in 336 the historical record examining these aspects can be examined in greater depth. Each of the 337 different classes of drought increases in impact severity (Table 5 ) in documenting each of these 338 an assessment of the interrelationship between different types of impact can be made, for 339 example, the point at which food relief may be initiated, or tax payments suspended (typically 340 class 2/3), others such as praying for rain/snow are associated with high classes (4/5), reflecting 341 personal, community and governmental responses (e.g. government control of food prices). The principal challenge identified within this study is in attempting to assess droughts defined 370 between those characterised by the historical analysis which is subjective and that defined by 371 the indices (SPI), which assumes a distribution with predefined probabilities attributed to each 372 class (Guttman, 1998) . Whilst an advantage in drought risk analysis, this makes it challenging 373 for comparison to a subjective classification. infrastructure projects (Sun, 2015) . 397
398
The SPI generated from the long precipitation series is analysed at SPI-1, -6 and -12, with SPI-399 1 suited to short-term (monthly) analysis, with SPI-6 appropriate for seasonal drought analysis 400 and SPI-12 for annual to multi-annular droughts. SPI-6, with scores of ≤-2 (severe droughts) 401 occur 14 times during the 110 year record (Figure 5b and c). There are six severe drought years 402 before (1907, 1913, 1914, 1917, 1920, 1926) and eight (1961, 1963, 1965, 1989, 1997, 2000, 403 2014, 2015) after 1960, with several of these constituting multi-annular droughts. There are 404 seven droughts that exceed ≤-2 in the SPI-12 series (Figure 5c ). 405 406
Drought classification and trends 407
The reconstruction of historical droughts in Shenyang is divided into two parts. The first 408 obtains drought class information from the SPI for the period CE 1906-2015 from an 409 augmented instrumental series. The second uses historical documents and is defined based on 410 specific classification criteria shown in Table 3 Table 7 summarizes the frequency of droughts at Shenyang in each century, 430 with a small peak in Shenyang drought frequency from CE 1501-1600, drought frequency then 431 decreased until the nineteenth century (Figure 6c ). The frequency of class 4-5 drought events 432 indicates an increase during the nineteenth century, but this is not evenly distributed with most 433 of those events occurring in the period 1906-1921 (1907, 1913-14, 1916- The types of drought recorded within the records are indicated in Figure 6b , these illustrate that 440 the majority of records document meteorological drought conditions followed by economic 441 impacts. The drought severity in the descriptive accounts places most of documented droughts 442 in class 2, 3 or 4 ( Figure 6b ) The absence of deaths being documented restricts the number of 443 class 5 socio-drought, although the drought of 1920-21 is documented as a class 5 hydrological 444 drought, the only documentary class 5 event in the twentieth century. It may be that such 445 information was not published, and/or that the droughts within the Liaoning province did not 446 lead to such impacts, as few events prior to the late nineteenth century approach class 5. In 447 focussing on the city of Shenyang, there is also a risk that the impacts differed within the city 448 to those experienced in rural communities within the province, thereby reducing the number of and Drought Relief, 1999, p.388), across China an estimated 500,000 died (Edwards, 1922) . 465
Analysis of the international media at the time reporting on the event is shaped by the socio-466 political circumstances, with The Times (London) recording 3M as being displaced (9 Nov. 467 1920 p.11); however, as Fuller (2011) importantly notes this is often viewed from an 468 international perspective, with local relief providers often failing to receive recognition. The 469 responses to the drought varied, but included those expected within an industrial framework, 470 with both national and international relief occurring, but also local support complimenting pre-471 industrial responses, with the Shengjing Times (1920) reporting on the 1 st July that "Chief 472
Zhang set up an alter begging for rain" (6080, p.4). However, as Li (2007) notes in north China, 473 population increases without apparent agricultural intensification or expansion during the late 474 nineteenth century may have contributed to an increased susceptibility to drought associate 475 harvest fluctuations. In comparison during the 2014 drought which resulted in a Level III 476 emergency response, itself a notable difference from 1920 as a plan was in place, a number of 477 responses were deployed to mitigate the impacts of the drought, these included: the provision 478 of central and provincial relief funds (see section 4.1); water transfer of 400M m3 from the 479 Hun River, securing domestic and agricultural provisions (Sun, 2015) ; and the provision of 480 relief service teams to support local infrastructure improvements e.g. drilling new wells and 481 supply or water to over 32,000 people suffering shortages (Wang, 2014) . The impacts of the 482 drought were widely reported in the media, with notably commentary focused on the impacts 483 to water supplies and food production: "Food production in Liaoning… estimated to decline 484 by 5 billion kg this year" (China Daily, 2014) . Whilst both events 1920-21 and 2014 were 485 severe droughts, the relief planning and coordinated effort coupled with improved 486 Previously documented notable droughts in the early twentieth century (1907, 1916-18, 1920- The calibration and augmentation of historical records with the instrumental series using the 532 SPI presents challenges. Whilst there appears to be good agreement of drought classes 2-4, the 533 probabilistic underpinning of the SPI inevitably ensures some high magnitude drought events 534 are present (class 5), however this is not necessarily reflected within the documentary sources 535 for all drought types. The impact of the probabilistic SPI structure potentially over recording 536 class 5 events is mitigated to some degree with the application of a long precipitation series, 537
where the potential of such events to be recorded increases. Analysis of the documentary 538 droughts in the late nineteenth century suggests that the duration is comparable to those of the 539 early twentieth century, with similar generating mechanisms, a dry winter and/or spring 540 followed by a hard drought in late summer, often spanning multiple years, however the impacts 541 on the communities differ. Our identification of a 'build-up' period prior the severest droughts 542 (and their associated impacts) is notable, which is further reinforced by the significant relship 543 to summer and autumn ENSO3.4 and should be incorporated into future drought management 544 plans, enabling the effective preparation of drought plans. 545 Table 6 . The frequency of droughts in Shenyang since 1200 AD and associated drought class 878 (see Table 5 ). The average drought reflects the average class achieved for each period. 879
Year Average drought class
Number of droughts recorded
Class 1
Class 2
Class 3
Class 4
Class 5
Classes 1-3
